Introduction

Marine Si cycling and the δ 30 Si distribution
The cycling of nutrients in the sea is determined by a complex set of interactions between biota in the surface ocean and the physical circulation across a range of spatial and temporal scales. At the global scale, the export of nutrients to the abyss in biogenic particles is balanced by the supply of dissolved nutrients via the upwelling of nutrient-rich deep waters in the MOC (Broecker and Peng, 1982; Sarmiento et al., 2007) . At the scale of the thermocline, nutrient distributions are determined by how the location and timing of biological nutrient drawdown at the surface interacts with the subduction of water masses and their gyre-to basin-scale circulation Palter et al., 2005; Karleskind et al., 2011) . These distributions in turn determine the magnitude, biogeography and distribution of low-latitude primary productivity (Marinov et al., 2006; Palter et al., 2010 Palter et al., , 2011 . The ocean interior distributions of nutrients thus both influence and are influenced by biological productivity, and bear the imprint of the interaction between productivity and the ocean's threedimensional circulation, allowing them to be used to infer the physical and biological interactions that determine marine nutrient cycling. This study takes such an approach in order to trace the influence of physical-biological interactions on the large-scale transports associated with the marine cycle of silicon (Si).
Of the ocean's photosynthesizing primary producers, diatoms are the most important group for the export of organic carbon from the surface ocean (e.g. Buesseler, 1998) . As a result, they play a key role in the biological pump, a mechanism by which the ocean modulates atmospheric pCO 2 (Hain et al., 2014a) . Whilst their opaline cell wall, or frustule, provides diatoms protection from predators (Smetacek, 1999) and is less energy-intensive to produce than an organic cell wall (Raven, 1983) , it also makes them vitally dependent on the presence of Si dissolved in seawater. The boom-bust behavior of diatom populations that leads to their importance for carbon export also means that diatoms are very efficient exporters of Si to depth (Brzezinski et al., 2003) , such that they are the main driver of marine Si cycling (Tréguer and De la Rocha, 2013) . Diatom uptake of Si discriminates between its isotopes, with lighter Si isotopes being preferentially incorporated into the frustule (De la Rocha et al., 1997; Sutton et al., 2013) , leaving the residual Si in seawater enriched in heavier Si isotopes. Diatom Si uptake at the ocean's surface thus produces a signal of biological cycling in the stable isotope composition of seawater Si (expressed in the standard delta notation as δ 30 Si), which can be used as a tracer of the marine Si cycle (e.g. Cardinal et al., 2005; Reynolds et al., 2006; Beucher et al., 2008; de Souza et al., 2012a; Grasse et al., 2013) . For instance, diatom uptake in the surface Southern Ocean produces elevated δ 30 Si in the deep winter mixed layers from which the Southern Ocean mode/intermediate water masses Subantarctic Mode Water (SAMW) and Antarctic Intermediate Water (AAIW) are ventilated (Fripiat et al., 2011) . This isotopic signal is transported into the subtropical interior by the spreading of these water masses from their formation regions (de Souza et al., 2012b) .
The clearest large-scale signal in the marine δ 30 Si distribution is the δ 30 Si gradient in the deep Atlantic Ocean (Fig. 1a; de Souza et al., 2012a; Brzezinski and Jones, 2015) , with a systematic trend from high δ 30 Si values in deep waters of the Si-poor North Atlantic, influenced by NADW, to lower values towards the Si-richer south, influenced by Antarctic Bottom Water (AABW). This coherent gradient is related to the quasi-conservative mixing of Si between these two water masses (Broecker et al., 1991) , as reflected by the systematics (Fig. 1a ) and water-column distribution ( Fig. 1b ) of δ 30 Si in the Atlantic, both of which indicate watermass control on the δ 30 Si distribution. de Souza et al. (2012a) suggested that the high δ 30 Si value of NADW ultimately results from the creation of a high-δ 30 Si signal by diatom Si uptake in the surface Southern Ocean, a signal that is transported to the North Atlantic by SAMW/AAIW in the upper limb of the MOC. This mechanism has since been invoked to explain the isotope distributions of other biogeochemically-cycled elements, such as cadmium (e.g. Abouchami et al., 2014) .
Such a Southern-Ocean-focused mechanism is consistent with burgeoning evidence that the dominant MOC pathway by which dense and nutrient-rich deep waters are brought to the surface is the wind-driven upwelling in the Southern Ocean (Toggweiler and Samuels, 1993; Sarmiento et al., 2004; Lumpkin and Speer, 2007; Marshall and Speer, 2012; Morrison et al., 2015) , contrary to the canonical view of upwelling through the low-latitude thermocline (Robinson and Stommel, 1959; Broecker and Peng, 1982) . However, some recent observationally-based estimates of global overturning indicate a significant role of low-latitude upwelling in closing the MOC (Talley et al., 2003; Talley, 2008) . By using numerical ocean models to examine the relationship between the NADW δ 30 Si signature and the pathways by which Si is transported by the MOC, this study assesses de Souza et al.'s (2012a) hypothesis of largescale controls on the Atlantic δ 30 Si distribution, whilst also considering the constraints placed by these observations on pathways of upwelling associated with the MOC. (Brzezinski and Jones, 2015) reveal the elevated δ 30 Si values associated with the southward transport of NADW at mid-depths in the western Atlantic Ocean (blue and green points; see inset). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Support for a Southern Ocean control
Support for a Southern Ocean control on the NADW δ 30 Si signature is provided by the model CYCLOPS, an ocean box model originally developed by Keir (1988) that has been modified to explicitly represent the physical and biogeochemical zonation of the surface Southern Ocean ( Fig. 2a ; Robinson et al., 2005; Hain et al., 2014b) . A representation of the marine cycling of Si and its isotopes (see Supplementary Information) allows an assessment of the leading-order sensitivities of the large-scale δ 30 Si distribution. As shown in Fig. 2b ing when the Si concentration in the SAZ is forced to zero, so as not to leave any residual high-δ 30 Si in the SAZ surface ( Fig. 2b ). Under these conditions, the model's advective pathway of Si supply from the surface Southern Ocean to the high-latitude North Atlantic via mode/intermediate waters has been entirely eliminated, such that Si can reach the North Atlantic solely via diffusive upward supply from the low-latitude deep ocean. This sensitivity of the Atlantic δ 30 Si gradient to Si supply by mode/intermediate waters supports the hypothesis that it results from the crossequatorial transport of a partial Si consumption signal from the surface Southern Ocean. In the following, we further test this hypothesis by explicitly tracing the origins of Si supplied to the North Atlantic by the large-scale ocean circulation in a suite of OGCMs in which the pathways of deep water upwelling associated with the MOC are systematically varied. Gnanadesikan's (1999;  hereafter G99) analytical model of the volume balance of the oceanic pycnocline ( Fig. 3a) provides the conceptual basis for the OGCM suite presented in this study. This model shows that the depth D of the pycnocline, separating the buoyant waters of the upper ocean from the dense waters of the deep, results from the balance between four key processes that add or remove buoyant water from the upper ocean. These processes are (i) the formation of deep water in the North Atlantic (T n in Fig. 3a ), the balance between (ii) wind-driven upwelling and northward Ekman transport in the Southern Ocean (T w ) and (iii) southward eddy-induced advection of light waters (T e ), and (iv) low-latitude upwelling through the thermocline (T u ). There are two pathways by which volume lost from the upper ocean during NADW formation can be replaced: (a) downward heat transport driven by diapycnal mixing lightens dense waters, leading to an upwelling flux through the thermocline; (b) Ekman divergence in the Southern Ocean drives the adiabatic upwelling of deep waters, which are converted to lighter waters at the surface. G99 showed that the partitioning of upwelling between these two pathways depends on diapycnal mixing and the advective effects of eddies, represented by the diapycnal and isopycnal eddy diffusivities (κ v and A I ) respectively. When these diffusivities are small, both lowlatitude upwelling T u and the eddy return flow T e compensating northward Ekman transport T w are minimal, such that deep upwelling (and the associated nutrient supply) is driven by Ekman divergence in the surface Southern Ocean T w (Fig. 3a ). If, on the other hand, A I is large enough that the southward advective eddy transport in the Southern Ocean largely compensates northward Ekman transport (i.e. if the net flux T w − T e is small), most upwelling takes place at low latitudes (T u ). This simultaneously requires high κ v in order to maintain the observed depth of the pycnocline against a large upwelling flux. This simple model thus makes an important point: the pathway by which dissolved nutrients stored in the deep ocean return to the surface depends on the vigorousness of turbulent mixing across and along density surfaces. By varying both these parameters simultaneously in a numerical ocean model, we can produce widely varying pathways of upwelling whilst maintaining the observed depth of the Fig. 3. (a) Theoretical model framework of Gnanadesikan (1999) and (b) northward meridional volume transport above the σ θ = 27.4 isopycnal in the suite of OGCMs used in this study, whose construction is based on the theory of Gnanadesikan (1999) . In panel a, the depth D of the pycnocline (light blue shading) is maintained by the volume balance between flux T n representing sinking of dense water in the North Atlantic, T u representing low-latitude upwelling, and the balance between wind-driven northward Ekman transport T w and eddy-induced southward transport T e in the Southern Ocean. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) ocean's pycnocline. This study utilizes three variants of an OGCM with differing MOC pathways in order to systematically examine the relationship between the δ 30 Si signature of NADW and largescale Si transport.
A theoretical framework
Methods
Model description and setup
The physical ocean model used is the Modular Ocean Model 3.0 (MOM3; Pacanowski and Griffies, 1999) , run at 3.75 • × 4.5 • horizontal resolution with 24 vertical levels. This primitive-equation OGCM forms the basis of a model suite in which the values of diapycnal and isopycnal diffusivity are systematically varied according to the theory of G99, so as to produce varying MOC pathways. This suite is described in detail by Gnanadesikan et al. (2002 Gnanadesikan et al. ( , 2004 Gnanadesikan et al. ( , 2007 and Palter et al. (2010) . In this study, we employ model variants LL, HH and P2A, whose key variables are summarized in Table S1 . Model variant LL is a version of MOM3 in which both diapycnal and isopycnal eddy diffusivities have low values. In LL, κ v in the pycnocline is 1.5 × 10 −5 m 2 /s, similar to values inferred from direct tracer release experiments (Ledwell et al., 1993 (Ledwell et al., , 1998 , increasing to 1.3 × 10 −4 m 2 /s at depth with a hyperbolic tangent transition at 2500 m. Isopycnal diffusivity A I , which is also the coefficient used in the models' Gent-McWilliams parameterization of eddy thickness diffusion (Gent et al., 1995) , has a constant value of 1000 m 2 /s in LL. In model variant HH, in contrast, both κ v and A I have high values: at 6 × 10 −5 m 2 /s, pycnocline κ v is four times higher than in LL, whilst the A I of 2000 m 2 /s is twice as large as in LL. Finally, model variant P2A conforms to observational constraints of low pycnocline diffusivity (and thus has a pycnocline κ v of 1.5 × 10 −5 m 2 /s and A I of 1000 m 2 /s, as in LL), but simulates increased diapycnal mixing in the Southern Ocean, motivated by observations of high internal wave activity there (Polzin et al., 1997) . In addition to a number of specific changes relative to LL as listed in Table S1 (and discussed by de Souza et al., 2014), P2A is forced by the ECMWF atmospheric reanalysis of Trenberth et al. (1989) , which imposes higher wind stresses over the Southern Ocean than the reanalysis that forces LL and HH (Hellerman and Rosenstein, 1983) .
The physical models are coupled to the nutrient-restoring biogeochemical model of Jin et al. (2006) , modified by de to include Si isotopes. As discussed therein, the model simulates isotope fractionation during Si uptake in the surface ocean, but does not fractionate Si isotopes during opal dissolution (Demarest et al., 2009; Wetzel et al., 2014 ; for a detailed discussion of this issue see de . Further diagnostics added for this study (Section 2.2) allow us to trace Si originating from four high-latitude source regions in the models.
The simulations are initialized to steady-state physical conditions and distributions of Si and δ 30 Si from a 5000-yr spin-up simulation for each model variant. The fractional contribution of each of the four source regions (Section 2.2) to the Si inventory is initialized to a globally constant value of 25%, and the simulations run forward for 2000 model years, by which time the Si source tracer distributions achieve equilibrium. Targets for surface nutrient restoring are derived from the objectively-analyzed monthly climatologies of World Ocean Atlas 2009 (WOA09; Garcia et al., 2010) . Results of the simulations are presented as averages over the last 20 yrs of the simulations. We also present the models' equilibrium (pre-bomb) radiocarbon distributions ( 14 C; Matsumoto et al., 2004) as 10-yr means.
Si source tagging scheme
In order to study the large-scale Si dynamics and transport in the model variants, we explicitly trace four sources of Si, using the Si tagged in this manner is transported away from its source region by the circulation, and retains its source identity as it cycles through the low latitude ocean and into the North Atlantic, our region of interest. Once acquired, source identity is only destroyed when Si enters another source region: e.g., AAIW-derived Si flowing northward in the surface Southern Ocean will lose its AAIW identity and be tagged as SAMW-sourced Si once it crosses the instantaneous outcrop of the σ θ = 27.1 isopycnal. The sum of all four source tracers equals the total pool of Si, allowing us to trace the fractional contribution of the source regions to the local Si inventory at any point in the model. In the following, we refer to Si that has been tagged with a particular source identity as being 'sourced' or 'derived' from that region (e.g. 'SAMW-derived').
Results
MOC pathways, Si and δ 30 Si distributions
We begin by describing the upwelling pathways of the three model variants. Fig. 3b shows the zonally-averaged northward meridional volume transport above the σ θ = 27.4 isopycnal, which lies at a depth of 800-1000 m at low latitudes in all models. An increase in horizontal transport implies upwelling of water across this density surface, into the upper ocean. Thus, the differing latitudinal evolution of this transport in the models reflects their differing MOC pathways. The constancy of P2A's meridional transport north of ∼50 • S shows that this model achieves most of its upwelling at high southern latitudes (Fig. 3b ). This Southern Ocean upwelling pathway is expected from G99 (Fig. 3a ), given the low isopycnal and diapycnal diffusivities and the strong winds over the Southern Ocean (Table S1) : P2A not only restricts T u through lim- ited low-latitude diapycnal mixing and T e through low isopycnal diffusivity, but also has high T w as a result of stronger Ekman transport in the Southern Ocean. In contrast, volume transport in HH increases over a wide latitudinal band from ∼50 • S to ∼30 • N, reflecting low-latitude upwelling. The importance of low-latitude transport (T u ) for the overturning is expected from G99, given HH's high diffusivities and weaker Southern Ocean winds. Model variant LL is intermediate between these two extremes, since southern upwelling extends further north than in P2A, but limited low-latitude upwelling is implied by the constancy of meridional volume transport north of ∼30 • S. The overturning pathways simulated by LL and P2A are more consistent with estimates from inverse models (Lumpkin and Speer, 2007) and the emerging view of ocean overturning (Marshall and Speer, 2012; Talley, 2013) , although LL's ventilation of the deep Southern and Pacific Oceans is too sluggish to accurately reproduce the 14 C distribution .
When combined with their shared biogeochemical model, which restores surface Si concentrations towards observations, the circulation fields of the three models produce interior Si distributions that reproduce the large-scale structure to the observed distribution, but also show differences both from the observations and from each other. Fig. 5 compares the models' average Atlantic Si distribution in the uppermost 2400 m with WOA09 (see Fig. S3 for zonal averages). As in the observations, all models exhibit a southward propagating tongue of low-Si NADW at middepth, and an intermediate-depth tongue of elevated Si extending northwards from the Southern Ocean. However, in all model variants, the low-Si tongue is too shallow, with a core at ∼1600 m rather than ∼1800 m as in the observations. This is because North Atlantic convection in the models produces a water mass that is too light and thus descends to shallower depths than observed. As a result, the models' Si-rich AABW extends too far north, and upward diapycnal mixing of Si from this water mass leads to the elevated Si concentrations seen below ∼2200 m in all model variants. All models also overestimate Si in the northward-penetrating intermediate-depth tongue, a feature that is more pronounced in P2A and HH than in LL. The Si distribution of HH is least similar to the observations: the southward-and northward-propagating advective signals are much less clearly defined in this model than in LL or P2A, due to high interior diapycnal mixing. Model HH also strongly underestimates Si concentrations in the deep Southern Ocean relative to observations. Despite these differences in the Si distribution between models, they display similar skill at reproducing the interior Atlantic δ 30 Si distribution, especially in terms of its isotope systematics:
as shown by Fig. 1a , all three models reproduce the near-linear δ 30 Si-1/Si relationship observed in the deep Atlantic Ocean, simulate a similar range of δ 30 Si variation in Atlantic deep waters, and reproduce the observation of elevated δ 30 Si in the Si-poor deep North Atlantic. We will discuss the reasons for these similarities in Section 4. For now, bearing the differences in the Si distribution of the three models in mind, in the following we discuss the Si source tracer distributions in terms of their fractional contribution to the total Si inventory, f (i) = [Si] source=i / j [Si] source= j .
Si source tracer distributions
By examining the steady-state distributions of the Si source tracer contributions f (i), we can study how Si from the four source regions spreads through the ocean to eventually contribute to the NADW Si inventory. We illustrate the influence of the models' differing MOC pathways on large-scale Si transport by examining the contribution of each source region to the Si inventory of the thermocline, which we define as the volume of water above the σ θ = 26.8 isopycnal.
The two sources of Si above the σ θ = 26.8 isopycnal, SAMW and NPAC, exhibit their maximal contributions to the thermocline Si inventory close to their source regions, from where Si is directly introduced into the thermocline (Fig. 6 ). The locus of maximum fraction of SAMW-derived Si, f (SAMW), follows typical SAMW ventilation pathways (Sallée et al., 2010) , extending anti-clockwise into the subtropics from the southern outcrop (Fig. 6a ). NPACsourced Si enters the North Pacific thermocline from the north (Fig. 6d) , and is transported into the Indian Ocean via the Indonesian Throughflow, although virtually none enters the Atlantic via the warm-water pathway (Gordon, 1986) without first entering the SAMW source region and losing its NPAC identity. NPAC-derived Si also flows northward through Bering Strait, contributing considerably to the Si inventory of the Arctic Ocean above σ θ = 26.8. Silicon sourced from below the σ θ = 26.8 isopycnal (AAIW and DEEP) exhibits rather different thermocline distributions, since it can enter the thermocline only via interior diapycnal fluxes across this isopycnal. Thus, the contribution of AAIW-and DEEP-sourced Si increases towards the subtropics and tropics, as deeper-lying Si is transported upwards (Fig. 6b, c) . In concordance with the models' differing MOC pathways, the contribution of DEEP-sourced Si to the thermocline inventory is highest in the diffusive model HH, and is lowest in the more adiabatic P2A, whose thermocline is also more vigorously ventilated along isopycnals from the south due to higher wind stress over the Southern Ocean. The contribution of DEEP-sourced Si to the thermocline inventory is 1.3-1.6 times higher in HH than in LL or P2A in the low-latitude Indian and Pacific Oceans, and even higher in the Atlantic, where it can be more than twice as large in HH than in P2A (Fig. 6c ). Complementarily, high contributions of SAMW-and AAIW-derived Si penetrate further northward in LL and P2A than in HH: high contributions of SAMW-derived Si extend well into the North Atlantic in LL and P2A, such that f (SAMW) is 1.3-1.7 times higher in the tropical Atlantic thermocline of these models than in HH (Fig. 6a ). Additionally, the fraction of AAIW-derived Si in the Atlantic thermocline increases steadily towards the north in LL and P2A but not in HH, such that in the North Atlantic subtropics, f (AAIW) in P2A and LL is 1.2-1.5 times higher than in HH (Fig. 6b ). In all three models, however, SAMW-and AAIW-sourced Si together contribute at least half the Si inventory of the North Atlantic thermocline.
Diapycnal Si redistribution in the Atlantic Ocean
The consequences of northward transport of SAMW-and AAIWderived Si for the source composition of NADW are illustrated by Fig. 7 , which shows the average source tracer contributions f (i) in the uppermost 2400 m of the Atlantic Ocean (see Fig. S4 for zonal averages). Only SAMW-derived Si spreads northwards at the surface, whilst Si from other source regions enters the Atlantic within the interior. Diapycnal processes and biological cycling disperse Si from all four source regions through the water column, e.g. the upward transport of DEEP-sourced Si into the thermocline, seen most strongly in HH (Fig. 7c ). However, diapycnal Si redistribution is reflected most dramatically by the two source tracers that are tagged in the upper ocean according to density criteria, i.e. SAMW and AAIW. The downward penetration of Si from these sources is greatest in the North Atlantic north of 40 • N (Fig. 7a, b) . A tongue of elevated f (SAMW) and f (AAIW) propagates southwards from these high latitudes at about 1500-1600 m, at densities significantly higher than those at which these tracers are originally tagged (Fig. S5 ). This mid-depth tongue is the signal of NADW (Fig. 5) , and reflects the diapycnal transfer of Si sourced from the shallow Southern Ocean to deep water densities, due to buoyancy loss in the subpolar North Atlantic, the Nordic Seas and the Arctic Ocean. The incorporation of SAMW-and AAIW-derived Si into NADW takes place in all three model variants, although their importance for its Si inventory varies, due to the differing extent of their transport to the shallow North Atlantic. All three models also exhibit a deep (∼1800 m) tongue of NPAC-sourced Si extending southwards from the subpolar North Atlantic (Fig. 7d ). This is Si that has been transported from the North Pacific via the Arctic Ocean, entering the North Atlantic through the models' representation of the Nordic Sea overflows.
Discussion
The Si source tracer distributions reveal the pathways of largescale Si transport and diapycnal redistribution in the Atlantic Ocean. In the following, we focus on NADW flowing southward from the subpolar North Atlantic, in order to elucidate the processes responsible for its unique δ 30 Si signature.
The isotopic signatures and source composition of NADW
As indicated by the simulated Atlantic δ 30 Si systematics (Fig. 1a) , which show elevated δ 30 Si values associated with Si-poor waters of the deep North Atlantic, NADW appears prominently in the simulated δ 30 Si distribution as a high-δ 30 Si tongue along the western boundary of the mid-depth North Atlantic in all three models (Fig. 8a) . The basin-scale structure of the simulated δ 30 Si distributions is broadly consistent with observations of [mol Si/mol Si, unitless] in the uppermost 2400 m of the three model variants. The three white contours correspond to the density horizons used to determine the tagging regions for SAMW-and AAIW-sourced Si (Fig. 4) . Fractions are averaged over the Atlantic basin and over the Southern Ocean from 60 • W to 30 • E. elevated δ 30 Si values ranging from +1.7 to +1.9h in the western mid-depth North Atlantic (Fig. 1b; de Souza et al., 2012a; Brzezinski and Jones, 2015) . Whilst the less diffusive models P2A and LL reproduce the absolute δ 30 Si values in NADW better than the diffusive model HH (Figs. 8a, c) , all three models reproduce the δ 30 Si systematics of the deep Atlantic with similar fidelity (Fig. 1a) , although P2A simulates higher δ 30 Si values in the subpolar North Atlantic than LL or HH. It is interesting to note that the models reproduce the observed near-linear δ 30 Si systematics despite the fact that they do not simulate Si isotope fractionation during opal dissolution. This contrasts somewhat with the recent study by Holzer and Brzezinski (2015) , who found that including this process improved the linearity of their model's Atlantic δ 30 Si systematics by increasing δ 30 Si in the Si-richest Southern Ocean deep waters. Our results and theirs do, however, agree in suggesting that fractionation during opal dissolution is not a major driver of the deep Atlantic δ 30 Si systematics.
Depth sections across ∼43 • N reveal the isotopic signal of NADW flowing around the Grand Banks as a well-ventilated water mass: this freshly-ventilated NADW bears a 14 C maximum ( Fig. 8b) and is recognizable in the δ 30 Si distribution by its elevated δ 30 Si signature (Fig. 8c ) in all models. These isotopic distributions are closely mimicked by the fraction of Si sourced from SAMW and AAIW, f (SAMW + AAIW) (Fig. 8d) . The fractional contribution of SAMW-and AAIW-derived Si is highest above the 27.4 isopycnal, in waters flowing towards the high-latitude North Atlantic in the upper limb of the MOC. However, in each model, there
is a secondary f (SAMW + AAIW) maximum at mid-depth, coincident with the δ 30 Si and 14 C signals of NADW. The fraction of NPAC-derived Si also shows a maximum within this volume, but does not exceed 10% (Fig. S6d) . Conversely, DEEP-sourced Si is at its minimum within the freshly-ventilated NADW core (Fig. S6c) . Thus, irrespective of the large-scale circulation of the models, there is a clear spatial correlation between the maximum contribution of SAMW-and AAIW-derived Si to NADW and the elevated δ 30 Si signature observed in the most recently ventilated deep waters (Figs. 8c, d and S7 ). We can quantify this relationship by calculating the contributions of the source regions to the Si inventory of freshly-ventilated NADW.
Recently ventilated NADW exhibits clear signals of gas exchange with the atmosphere in the models' radiocarbon and oxygen distributions (Figs. 8b, S1 and S2). We exploit these signals to define a volume of freshly-ventilated NADW that extends from the shallow subpolar North Atlantic (>500 m water depth) to the equator along the western Atlantic boundary (Table 1 ; see also the Supplementary Information). This allows us to calculate the integrated Si inventory of this volume and partition it according to source region (Table 1) . In all three model variants, SAMW and AAIW together contribute a major or dominant fraction of the Si inventory, ranging from 46% in HH to 62% in P2A. The importance of DEEP-sourced Si varies inversely with this contribution, whilst NPAC-derived Si is of minor importance (5-9%) in all models.
The δ 30 Si signature of the freshly-ventilated NADW volume rises systematically with the increase in f (SAMW + AAIW) from HH to P2A, and ranges from +1.50h in HH to +1.74h in P2A (Table 1) . Thus, not only is there a clear spatial correlation between elevated values of f (SAMW+AAIW) and δ 30 Si within each model (Fig. S7 ), but also systematic co-variation between models: the greater the SAMW/AAIW contribution to NADW, the higher its δ 30 Si value. Together, these correlations strongly suggest that cross-equatorial transport of Si that has been isotopically fractionated in the surface Southern Ocean is instrumental in producing the high δ 30 Si signature of NADW. The elevated δ 30 Si signal of NADW is reproduced by all three models, despite their widely varying MOC configurations. Whilst the analysis above indicates that this signal derives from the contribution of SAMW/AAIW to NADW's Si inventory, we must also consider two additional factors that can produce differences in the NADW δ 30 Si signature between model variants. These are: (a) the isotopic composition of Si exported from each source region, and (b) Si isotope fractionation at the ocean's surface during transport from the source regions to the North Atlantic. In other words, the NADW δ 30 Si signature can be conceived of as resulting from a combination of the conservative transport of isotope signatures from distal source regions, and the non-conservative alteration of these isotope signatures en route. We can separate the effects of these two factors with a simple isotope mixing calculation, allowing us to assess the extent to which the NADW δ 30 Si signature is controlled by the conservative transport of distal isotopic signals. We calculate the isotopic composition of Si within each source region (Table 1) as an estimate of the distal isotopic signals being exported towards the North Atlantic. Based on these values and the source tracer contributions at each model grid point, we can then calculate the δ 30 Si distribution that would result simply from the spreading of these endmember δ 30 Si signatures:
where f (i) is the local fractional contribution of the source i, and δ 30 Si i,source is the isotopic composition in the source region i.
We hasten to note that this approach makes the simplifying assumption that Si supplied from each source region has a uniform δ 30 Si value, which is not the case. However, as we show below, it nonetheless serves to provide us with a useful estimate of the influence of the large-scale transport of isotope signals. The meridional sections in Fig. 9 compare the simulated Atlantic δ 30 Si distribution at 25 • W (Fig. 9a) with the δ 30 Si distal dis- White solid lines are isopycnal surfaces used in the definition of SAMW and AAIW tagging regions (Fig. 4) ; the white dotted line marks 30 • S, the northernmost extent of the DEEP tagging region. In panel d, a scatterplot directly compares the deep δ 30 Si distal distribution (>1000 m) to the simulated δ 30 Si distribution north of 30 • S, illustrating both the clear correlation between the two fields as well as the muted dynamic range of δ 30 Si distal . tribution (Fig. 9b ). It can be seen that in all three model variants, considerable large-scale interior Atlantic δ 30 Si variability, including an elevated NADW δ 30 Si signature, is predicted to result simply from the propagation of distal source-region δ 30 Si signals. Furthermore, as shown by the close correlation between the two fields ( Fig. 9d) , the structure of the δ 30 Si distal distribution bears a strong resemblance to the simulated δ 30 Si field. These results indicate that the long-range transport of isotope signals plays a significant role in determining the basin-scale δ 30 Si distribution. However, in all cases the range in δ 30 Si distal is muted in comparison to the simulated field (slopes <1 in Fig. 9d) , with δ 30 Si distal values generally lower than simulated values in the upper ocean (Fig. 9c ). This is reflected in the δ 30 Si distal signature of the freshly-ventilated NADW volume, which underestimates the simulated δ 30 Si value by 0.13-0.22h (Table 1) .
Two reasons for the mismatch between δ 30 Si distal and simulated δ 30 Si become clear upon closer inspection of Fig. 9 . Firstly, the assumption of uniform source δ 30 Si values in Eqn. (1) ignores the significant isotopic variability within each source region. This simplification results, for example, in the northward propagation of too-low δ 30 Si distal values from the Southern Ocean just below the σ θ = 27.4 isopycnal in all models, reflected by the bolus of elevated mismatch at this location in all models (Fig. 9c ). Sec-ondly, a clear difference between δ 30 Si and δ 30 Si distal is observed in the near-surface ocean, where the simulated δ 30 Si field exhibits high values throughout the low latitudes and in the subpolar North Atlantic (Fig. 9a) , whilst δ 30 Si distal values in the uppermost 500 m decrease considerably from the southern tropics northwards (Fig. 9b ). This change is seen mostly clearly at the level of SAMW in all models (Fig. 9c This result implies that the elevated NADW δ 30 Si signature simulated by the models is not simply the result of distal fractionation in the surface Southern Ocean, but also reflects more proximal isotope fractionation as Si is transported towards the NADW formation region in the upper limb of the MOC, i.e. the non-conservative effect discussed above. The offset between the δ 30 Si and δ 30 Si distal fields is much smaller at the depth of NADW than in the upper ocean (Fig. 9a, b) , showing that the signal of proximal fractionation is damped during NADW formation. This is due to the importance of Si-richer subsurface waters, whose Si inventory is not exposed to isotope fractionation in the surface, in determining the NADW δ 30 Si value (cf. Sigman et al., 2000) . 
Compensatory mechanisms in the Atlantic δ 30 Si systematics
The above discussion of the distal and proximal controls on the δ 30 Si distribution also helps elucidate the mechanisms by which the models all produce an elevated NADW δ 30 Si signal, despite differing pathways of deep water upwelling. The importance of the cross-equatorial transport of distal isotopic signals in producing the Atlantic δ 30 Si gradient differs between the models, and is least in the highly diffusive model HH, which upwells more interior Si to the surface in the low latitudes (Table 1) . This relationship suggests that there are compensatory mechanisms at play in the models' Atlantic δ 30 Si systematics: the more diffusive model HH advects less fractionated Si to the North Atlantic from the surface Southern Ocean (Figs. 6-8 ), but produces a high-δ 30 Si signal more proximally through fractionation of more vigorously supplied deeply-sourced Si in the low-latitude or subarctic Atlantic (Fig. 9) , allowing it to produce NADW with a high δ 30 Si value. Conversely, the more adiabatic models P2A and LL favour distal control on the elevated δ 30 Si of NADW. The models thus trade off between distal and proximal isotope fractionation as a means of supplying isotopically fractionated Si to the NADW formation region. It is this compensation that allows all three models to produce Atlantic δ 30 Si systematics that are remarkably similar to observations (Fig. 1a) , despite their widely-varying MOC pathways. The existence of these interacting controls on the NADW δ 30 Si signature also means that the presence of an Atlantic δ 30 Si gradient cannot be uniquely tied to fractionation in the high-latitude Southern Ocean, as suggested by de Souza et al. (2012a) . As a result, our simulations indicate that this isotopic feature does not constrain the pathways by which deep water is returned to the upper ocean in the MOC.
More generally, the results of our study contribute to an emerging picture of the role of Southern Ocean Si isotope "distillation" (Brzezinski and Jones, 2015) in governing the marine δ 30 Si distribution. This distillation results from the combined physical and biogeochemical dynamics of the Southern Ocean, and leads to the trapping of low-δ 30 Si silicic acid in the deep Southern Ocean (Holzer et al., 2014; Holzer and Brzezinski, 2015) coupled to a complementary northward export of a high-δ 30 Si signature in SAMW/AAIW (Fripiat et al., 2011; de Souza et al., 2012b) . de Souza et al. (2014) have recently shown that the isotopically light preformed and regenerated Si in the deep Southern Ocean is spread throughout the global abyssal ocean by AABW, producing the observed hydrographic control on the deep δ 30 Si distribution. This study has highlighted the large-scale influence of the complementary high δ 30 Si signal exported in SAMW/AAIW, showing that the Southern Ocean influences the global δ 30 Si distribution by two separate pathways associated with the upper and lower limbs of the MOC. However, consistent with the recent study by Holzer and Brzezinski (2015) , our results also allow a role for fractionation during low-latitude Si cycling in determining the large-scale δ 30 Si distribution, indicating that other ocean regions may modulate the signals exported from the Southern Ocean.
An important open question that our study does not explicitly address is the role of the Arctic Ocean, which Brzezinski and Jones (2015) have suggested may represent an important northern counterpart to the Southern Ocean, via its influence on the Nordic Sea overflows. The Arctic Ocean receives fractionated Si primarily through shallow inflow from the North Atlantic, and transfers this Si to deep-water densities via buoyancy loss (Jones et al., 1995) . Certainly some of the SAMW/AAIW-sourced Si in our models' NADW has been incorporated in this manner. What remains to be assessed is whether the Arctic Ocean's role is limited to such diapycnal Si transfer, or whether a significant additional fractionation signal is imposed by Si cycling within the Arctic itself. Answering this question will require the long-overdue analysis of the Arctic δ 30 Si distribution.
Conclusions
This study has combined models of the marine cycle of Si and its isotopes with a diagnostic scheme that enables us to trace the large-scale transport of Si originating from the high-latitude ocean in a suite of OGCM simulations with varying MOC pathways. These simulations allow an assessment of the role of cross-equatorial transport of SAMW-and AAIW-derived Si in producing the elevated δ 30 Si signature of NADW. We find that Si sourced from the SAMW and AAIW formation regions contributes a major to dominant fraction (46-62%) of the freshly-ventilated NADW Si inventory irrespective of MOC pathway, and that the δ 30 Si signature of NADW rises as the contribution of SAMW-and AAIW-derived Si increases. However, the simulations also indicate that more proximal isotope fractionation of Si, within the low-latitude or subpolar North Atlantic, can influence the NADW δ 30 Si signature. By revealing this interplay between distal and proximal processes, our results thus allow us to refine the hypothesis of de Souza et al.
(2012a): the high δ 30 Si signature of NADW is vitally linked to the transport of a fractionated signal from the surface Southern Ocean by SAMW/AAIW, but may also be additionally influenced by Si isotope fractionation that takes place during transport to the NADW formation region. The more adiabatic models in our suite, which conform best to our current understanding of deep-water upwelling pathways (e.g. Talley, 2013) , suggest that the proximal contribution is small, although definitive conclusions remain elusive given lingering uncertainties regarding the pathways of the MOC (e.g. Talley, 2008) .
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